Methylphenidate (MPH) is a stimulant drug that amplifies dopamineric and noradrenergic signaling in the brain, which is believed to underlie its cognition enhancing effects. However, the neurobiological effects by which MPH improves cognition are still poorly understood. Here, functional magnetic resonance imaging (fMRI) was used together with working memory (WM) and visual attention (VA) tasks to test the hypothesis that 20 mg oral MPH would increase activation in the dorsal attention network (DAN) and deactivation in the default mode network (DMN) as well as improve performance during cognitive tasks in healthy men. The group of subjects that received MPH (MPH group; N = 16) had higher activation than the group of subjects who received no medication (control group: N = 16) in DAN regions (parietal and prefrontal cortex, regions increasingly activated with increased cognitive load) and had increased deactivation in the insula and posterior cingulate cortex (regions increasingly deactivated with increased cognitive load) and these effects did not differ for the VA and the WM tasks. These findings provide the first evidence that MPH enhances activation of the DAN whereas it alters DMN deactivation. This suggests that MPH (presumably by amplifying dopamine and noradrenergic signaling) modulates cognition in part through its effects on DAN and DMN.
Introduction
Dopamine (DA) modulates cognitive performance in part via its regulation of the prefrontal cortex through dopamine D1 and D2 receptors (Goldman-Rakic, 1998 ). However there is increasing evidence that dopaminergic actions are not limited to the prefrontal cortex and that cognitive operations rely on multiple cortical networks. The role of DA in these functional networks is still largely unknown. Stimulant medications such as amphetamine and methylphenidate (MPH) increase DA signaling in the brain and are used in the treatment of attention deficit hyperactivity disorder (ADHD) and other neuropsychiatric disorders to enhance attention and cognition (Ackerman et al., 1982; Camp-Bruno and Herting, 1994; Clatworthy et al., 2009; Izquierdo et al., 2008) . These medications are also abused by healthy individuals as cognitive enhancers (Volkow and Swanson, 2008) . In healthy subjects, we have shown that MPH decreased the brain's glucose demand during arithmetic calculations, an effect that reflected in part enhanced deactivation of default mode network (DMN) regions (Volkow et al., 2008a) . However, there is some evidence that MPH effects on brain function may be task dependent (Clatworthy et al., 2009 ). For instance, MPH has been shown to decrease activation during reversal learning (Dodds et al., 2008) and decision making (Schlösser et al., 2009) tasks, but to increase activation during reaction time tasks (Müller et al., 2005) .
Purposeful attention (top-down) is essential for proper cognitive performance and is supported by the activation of a dorsal attention network (DAN) (frontal eye fields, ventral premotor cortex, prefrontal cortex, superior parietal lobule, intraparietal sulcus, motion-sensitive middle temporal areas, and thalamus) (Corbetta and Shulman, 2002) and the deactivation of the DMN, which engages when individuals are not focused on a specific task (Buckner et al., 2008; Raichle et al., 2001) . Considering that MPH enhances dopamine (DA) release, which has been postulated to enhance task specific signaling by decreasing background activity of neurons (Kiyatkin and Rebec, 1996) , and that MPH induces DA-increases that are associated with enhanced interest on cognitive tasks (Volkow et al., 2004) , we hypothesized that for different tasks that cause activation in the same brain regions, MPH would enhance activation in these regions regardless of the cognitive domain (i.e. spatial attention and verbal working memory).
To test this hypothesis we measured brain activation in 32 healthy men using fMRI and two different and well-established cognitive paradigms with parametric increases of cognitive load: n-ball tracking VA (Pylyshyn and Storm, 1988) and n-back WM (Gevins et al., 1987) . We selected these tasks because in our previous studies we showed that both tasks cause reliable activation of DAN (Tomasi et al., 2007) and reliable deactivation of DMN (Tomasi et al., 2006) . Therefore, the main hypothesis of the study was that the MPH group would have higher fMRI signals in DAN (higher activation in parietal and prefrontal cortex) and DMN (higher deactivation in posterior cingulate cortex and insula) than the control group regardless of the task (VA and WM). Random effects two-way analysis of variance (ANOVA) models were used to test this hypothesis.
Materials and methods

Subjects
Two groups of subjects were tested for this study; one tested with oral MPH (20 mg) and another, which served as control, was tested without pharmacological intervention. All subjects were recruited from the local community using public advertisements. For the MPH group we recruited sixteen healthy, non-smoking, right-handed men (mean ± SD: age 33 ± 3 years, education: 13 ± 1 years). For the control group we used existing data from sixteen healthy, righthanded men (age 36 ± 2 years, education: 14 ± 1 years), who previously participated in an fMRI study using the same tasks and MRI acquisition parameters but without MPH (Tomasi et al., 2009a,b; Volkow et al., 2009,b) ; a within-subject design was not used to minimize habituation/practice effects on brain activation during VA (Tomasi et al., 2004) and WM (Garavan et al., 2000) tasks. There were no statistically significant differences in age or education between the groups.
Inclusion/exclusion criteria
All 32 participants provided written informed consent as approved by the Institutional Review Board at Brookhaven National Laboratory. Subjects were screened carefully with a detailed medical history, physical, psychological, and neurological examinations, EKG, breath carbon monoxide, blood tests, and urine toxicology for psychotropic drug to ensure the subjects were healthy at the time of the study. Subjects were included in the study if they were (a) 18 to 50 years old, and (b) able to understand and give informed consent. Subjects were excluded if they had (c) urine positive for psychotropic drugs (cocaine, phencyclidine, benzodiazepines, cannabis, opiates, barbiturates and inhalants); (d) present or past history of dependence on alcohol or other drugs of abuse (except for nicotine and caffeine); or (e) present or past history of neurological or psychiatric disorder (including ADHD); (f) used psychoactive (i.e. opiate analgesics, stimulants, or sedatives), or (g) prescription (non-psychiatric; i.e. antihistamines) medications in the past month, or (h) medical conditions that may alter cerebral function (i.e. cardiovascular, endocrinological and metabolic diseases); (i) history of head trauma with loss of consciousness of more than 30 min; (j) history of sleep disorders; or (k) contraindications for MRI (metallic or electronic implants, metallic tattoos in the neck/head, claustrophobia).
MPH administration
Subjects received 20 mg oral MPH and were tested 120 min after administration of MPH. Cardiovascular measures were obtained throughout the study to monitor heart rate and blood pressure.
fMRI paradigms
WM task
We used a blocked WM task based on the classical "n-back" verbal WM paradigm (Gevins et al., 1987) . During each of the four 30 s long "task" epochs, subjects viewed a sequence of single alphabetical letters that were presented in random order at a rate of 1/s. They were instructed to press a response button whenever the current letter was the same as the one displayed one (one-back target) or two (two-back target) steps before in the sequence. There were 27 trials and 5 target events in each task epoch. There were 4 task epochs and 4 resting epochs in each n-back task. XEGDJJITM-MODRTQUUYEEBWVCCJK is an example of the sequence of letters for a 1-back epoch that highlights (underline) the five 1-back targets. Similarly, MDUDMWHUMVMKWXPCPJFPFKEZELK is an example of the sequence of letters for a 2-back epoch highlighting the five 2-back targets. Button press events were used to record WM accuracy (the relative difference between hits and false alarms) and reaction times. The remaining 3 s were used to display the instructions ("press when one-back" and "press when two-back"). During each of the four 30-s long "resting" epochs, subjects passively viewed a sequence of non-alphabetical symbols displayed in a random order at a rate of 1/s, using the same font size and luminescence as for the "task" epochs. During each of the four 30-s long "task" epochs of the control (zero-back) task, the letters were presented randomly every 6 s and the subjects were instructed to press whenever they saw a letter in the screen; thus, there was the same number of target events during the 0-, 1-, and 2-back epochs. During each of the corresponding 30 s long "resting" epochs, symbols were presented at the same rate, font size, and luminescence as for the "task" epochs. Each of these three WM task levels had a total duration of 4:10 min (Fig. 1) .
VA task
We used a blocked visual attention task (Pylyshyn and Storm, 1988 ) that has been described previously (Tomasi et al., 2007 (Tomasi et al., , 2004 . Briefly, the 60-s long "TRACK" epochs are composed of 5 "Ball tracking" trials. In these periods, two, three, or four out of ten target balls are briefly highlighted for 500 ms. Then all balls start to move. The subjects' task was to fixate on the center cross displayed at the center of the visual field and track the target balls as they move randomly across the display (12°of the central visual field) with instantaneous angular speed of 3°/s. During these 11-s long tracking trials the 10 balls move in a simulated Brownian motion, and collide with, but do not penetrate each other. At the end of ball-tracking trials, the balls stop moving and a new set of balls is highlighted. The subjects' were instructed to press a button if the highlighted balls were the target set. Button press events were used to record VA accuracy (the relative difference between hits and false alarms) and reaction times during the fMRI tasks. After a 500-ms delay, the original target balls are re-highlighted to re-focus the subjects' attention on those balls (the target set). There were a total of 15 trials in each "Ball tracking" task. The 60-s long "DO NOT TRACK" baseline epochs are composed of five consecutive "resting" periods. In these periods, all 10 balls move and stop in the same manner as during "TRACK" epochs; however, no balls are highlighted, and subjects were instructed to not track the balls and view them passively. The use of this resting baseline condition allows us to control for the confounding effect of visual input activation.
The tasks were presented to the subjects on MRI-compatible goggles connected to a personal computer. A trigger signal from the scanner was used to synchronize the paradigm with fMRI acquisition.
Functional MRI: data acquisition
Functional MRI data with blood oxygenation level dependent (BOLD) contrast were acquired in a 4-Tesla Varian/Siemens scanner using a T2*-weighted single-shot gradient-echo planar imaging sequence (TE/TR = 20/1600 ms, 4-mm slice thickness, 1-mm gap, 35 coronal slices, 64 × 64 matrix size, 3.1 × 3.1 mm in-plane resolution, 90°-flip angle, time points = 157 for WM or 231 for VA, 200.00 kHz bandwidth) covering the whole brain. Padding was used to minimize motion and subject motion was monitored after each fMRI run using a k-space motion detection algorithm (Caparelli et al., 2003) written in IDL (ITT Visual Information Solutions, Boulder, CO). Earplugs (28 dB attenuation of sound pressure level; Aearo Ear TaperFit 2; Aearo Co.), headphones (30 dB attenuation of sound pressure level; Commander XG MRI Audio System, Resonance Technology inc.), and a "quiet" acquisition approach were used to minimize the interference effect of scanner noise during fMRI (Tomasi et al., 2005) . Anatomical images were collected using a T1-weighted 3D-MDEFT sequence (Lee et al., 1995) 
fMRI analysis
Image reconstruction was performed using a phase correction method that produced minimal ghost artifacts (Caparelli and Tomasi, 2008) . The first four imaging time points were discarded to avoid non-equilibrium effects in the fMRI signal. The statistical parametric mapping package SPM2 (Welcome Department of Cognitive Neurology, London UK) was used for standard image realignment, spatial normalization, and spatial smoothing (8-mm). Spatial normalization to the stereotactic space of the Montreal Institute of Neurology (MNI) was carried out using a 12-parameters affine transformation with medium regularization, 16-nonlinear iterations, and voxel size of 3 × 3 × 3 mm 3 .
The SPM2 general linear model and standard blocked designs with high-pass filtering (cut-off = 1/128 Hz for WM or 1/256 Hz for VA) were used to calculate the activation maps for each task, cognitive load level, and subject. For the WM task, a blocked design with 4 cycles alternating 30-s long task epochs and 30-s long resting epochs were convolved with the canonical hemodynamic response function. For the VA task, a blocked design with 3 cycles alternating 60-s long task epochs and 60-s long resting epochs were convolved with the canonical hemodynamic response function. Contrast maps reflecting %BOLD signal change from resting baseline to task conditions were computed for each fMRI run and subject.
Group analyses
To assess brain activation differences between groups (taskindependent) and between tasks across subjects, the individual BOLD contrast maps were included in a repeated measures ANOVA model1 with six conditions (0-, 1-, and 2-back, and 2-, 3-, and 4-balls) and two groups (MPH and control) in SPM2. To assess brain activation differences between groups, the individual BOLD contrast maps were included in a repeated measures ANOVA model2 with three conditions (for WM: 0-, 1-, and 2-back; for VA: 2-, 3-, and 4-balls) and two groups (MPH and control) in SPM2. Additionally, two independent multiple regression analyses with two regressors (load and RT or load and accuracy) and a constant were used to associate BOLD responses and behavioral variables during fMRI. Activation clusters were displayed using a voxel-level threshold P b 0.005 and a minimum cluster volume of 200 voxels for all analyses except the analysis of non-linear effects of cognitive load on BOLD responses (inverted U-shape analyses); exploratory, a less conservative voxel-level threshold (P b 0.01) was used together with a larger minimum cluster volume (700 voxels) to display activation clusters for inverted U-shape analyses due to the smaller amplitude of these second-order signals. The continuous random field calculation implemented in SPM2 was used to correct for multiple comparisons the statistical significance of brain activation clusters for all analyses. Brain activation and deactivation clusters with at least 60 rescaled voxels (3-mm isotropic, cluster volume 1620 mm 3 ) and P b 0.05, corrected for multiple comparisons with a family-wise error correction based on the random field theory (Worsley et al., 1992) , were considered significant. The Montreal Neurological Institute (MNI) coordinates of the cluster maxima were transformed to the Talairach space using a best-fit transform (icbm_spm2tal; http:// brainmap.org/icbm2tal/) that minimizes bias associated with reference frame and scaling. Brain regions were labeled according to the Talairach daemon (http://www.talairach.org/) (Lancaster et al., 2000) and a query range of 5 mm.
Functional ROI analyses
Relevant clusters were further evaluated with ROI analyses to identify outliers and to obtain average signal values in a volume comparable to the image smoothness (e.g. resolution elements, or "resels" (Worsley et al., 1992) ), which for this study was 13-mm isotropic, rather than single-voxel peak values. Thus, 9-mm isotropic masks containing 27 imaging voxels (0.73 ml) were defined at the centers of relevant activation/deactivation/correlation clusters identified by the SPM analysis (F test from ANOVA model 1) to extract the average %BOLD signal from first-level individual BOLD contrast maps (up to 6 contrasts per subject), not from second-level average group contrasts. Note that the variability of the ROI data reflects the between-subjects variability of the BOLD signals in the ROIs. These masks were created and centered at the precise coordinates of the clusters listed in Table 1 , which also lists the average statistical significance (t-values) in these ROIs. Note that the coordinates of the ROI masks were kept fixed across subjects, tasks, and conditions and that the Table lists average statistical values only for clusters that were statistically significant (P b 0.05, corrected for multiple comparisons with the random field theory in SPM).
Results
Cardiovascular effects of MPH
Pulse rate and systolic blood pressure were lower immediately before than 2 hours after oral MPH (e.g. at the time of fMRI acquisition; P = 0.04; Fig. 2 top panel) . Differences in diastolic blood pressure did not reach statistical significance.
Cognitive performance
VA-fMRI data were not acquired for two control subjects and one MPH subject that were unable to achieve acceptable performance accuracy (N70%; the relative difference between hits and false alarms) on the VA task during training. These subjects completed the WM task with acceptable performance (N70%) and were included in the analysis. For both tasks, performance accuracy was lower for higher cognitive load conditions than for lower cognitive load conditions (P b 0.001; F N 8.9; separate MPH x load ANOVA for WM and VA) reflecting the cognitive load increases of the tasks (Fig. 2 bottom  panel) . Follow up analyses (paired t-test) revealed that for controls accuracy was lower for 2-back than for 0-or 1-back (P = 0.0001) and that differences in accuracy between 0-back and 1-back were not statistically significant (P = 0.07); for the MPH group differences in accuracy between the 0-, 1-, and 2-back conditions were not statistically significant (P N 0.1). Similar analyses (paired t-test) for the VA task revealed that for controls accuracy was lower for the 4-balls condition than for the 2-or 3-balls conditions (P b 0.01) and that differences in accuracy between 2-balls and 3-balls were not statistically significant (P = 0.67); for the MPH group differences in accuracy between the 2-, 3-, and 4-balls conditions were not statistically significant (P N 0.09). Reaction time was longer for higher WM-load conditions (P b 0.0001; F(30) = 24.7; MPH x load ANOVA). Follow up analyses (paired t-test) revealed that for controls RT was longer for 2-back than for 0-or 1-back (P b 0.001) and that RT differences between 0-back and 1-back were not statistically significant (P = 0.07); for the MPH group RT was longer for 2-back than for 0-or 1-back (P b 0.01) and RT differences between 0-back and 1-back were not statistically significant (P = 0.07). During the WM task, RT was shorter (P b 0.026; F(30) = 5.5; ANOVA; Fig. 2 ) for the MPH group than for the control group. For the VA task, the effect of increased cognitive load on RT was not significant (P = 0.513; F(27) = 0.675).
WM-load × MPH and VA-load × MPH interaction effects on accuracy and RT were not statistically significant (P N 0.072; F b 2.766). For the WM task, the main effect of MPH on accuracy across all n-back conditions was not significant (P = 0.237; F(30) = 1.458; ANOVA). Similarly for the VA task, there were no significant effects of MPH on RT or accuracy (P N 0.7; F(27) b 0.14). Performance accuracy and RT measures during the WM and VA did not exhibit significant correlations with cardiovascular variables.
Brain activation/deactivation
For both groups (MPH and control), the WM and VA tasks caused strong activation in DAN, occipital cortex, midbrain, and cerebellum, and strong deactivation in DMN, insula and rostral anterior cingulate gyrus (P corr b 0.001, corrected for multiple comparisons with the random field theory; Fig. 3A and B and Table 1 ; ANOVA model1). Brain activation in the parietal and right prefrontal cortices (PFC), thalamus and cerebellum and deactivation in insula were higher for VA than for WM (P corr b 0.05; Fig. 3D , pink pattern), which is consistent with our previous studies (Tomasi et al., 2006 ); brain activation in left PFC was higher for WM than for VA (P corr b 0.05; Fig. 3D , green pattern). Fig. 4 plots BOLD responses (averaged across tasks and conditions) for the MPH group versus controls and shows that in both groups the same brain regions were strongly activated (yellow) or strongly deactivated (green) by the tasks. However, the MPH group had higher activation and higher deactivation than the control group in regions that were less engaged by the tasks in controls. For both tasks, BOLD responses in middle (MFG) and medial (mFG) frontal gyri as well as superior (SPC) and inferior (IPC) parietal were higher for the MPH group than for the control group; BOLD responses in occipital cortices (LG) and cerebellum (CER) were lower for the MPH group than for the control group (P corr b 0.05; and Fig. 3C ; ANOVA model2). Note that for mFG the MPH group showed positive BOLD responses whereas the control group showed deactivation (negative responses) for both tasks (Fig. 5B) . Deactivation in insula (INS) and precuneus was higher for MPH than for the control group (P corr b 0.05; ANOVA model2). Group × task interaction effects on brain activation were not statistically significant (P corr N 0.05; ANOVA model2). BOLD responses were not significantly correlated with cardiovascular variables in any of the ROIs.
MPH effects on brain activation patterns
MPH effects on VA load and WM load activation patterns
There were both linear and non-linear effects of cognitive load on brain activation during WM and VA. Linear effects: For both tasks, increased cognitive load linearly increased activation in DAN, midbrain and cerebellum and linearly increased deactivation in DMN, insula and rostral ACC (P corr b 0.001; ANOVA model2). These WM load activation/deactivation responses in left PFC/insula and cuneus were higher for WM than for VA (P corr b 0.05; ANOVA model1), consistent with our previous studies without MPH using the same tasks (Tomasi et al., 2007) . WM load activation in left inferior parietal cortex (BA 40) was modestly higher for the MPH group than for the control group (P = 0.011, uncorrected cluster-level; ANOVA model2: MPH × WM-load interaction effect) but the effect did not reach statistical significance after corrections for multiple comparisons. No brain region showed differential VA-load activation/ deactivation between the MPH and control groups (P corr N 0.75; ANOVA model2: MPH × VA-load interaction effect).
Non-linear effects
For the control group, WM activation exhibited an inverted U-shape as a function of WM load increases that was statistically significant in right MFG (BA 9) and dorsal ACC (BA 32) (P corr = 0.05). For the MPH group, the inverted U-shape of WM activation was statistically significant in the lingual gyrus (BA 18) (P corr = 0.04). The inverted U-shape of WM activation was higher for the control group than for the MPH group in a bilateral cluster encompassing dorsal ACC (BA 32) and MFG (BA 6) (P corr = 0.04). For the control group, the inverted U-shape of VA activation in ventral ACC (BA 32) as a function of cognitive load increases did not reach statistical significance after corrections for multiple comparisons (P uncorr = 0.004). For the MPH group, the inverted U-shape of WM activation was statistically significant in the lingual gyrus (BA 18) (P corr = 0.04). The inverted U-shape of VA activation was higher for the control group than for the MPH group in ventral ACC (BA 32) (P corr = 0.03). Fig. 6 highlights the proximity of the dorsal and ventral ACC regions showing statistically significant inverted U-shape effects on WM and VA. Fig. 4 . Average BOLD-fMRI responses in the control group vs. those in the MPH group in gray matter voxels. Gray: all gray-matter voxels included; yellow: voxels strongly activated (t-value N 4) by VA and WM; green: voxels strongly deactivated (t-value N 4) by VA and WM; red: voxels with higher activation (t-value N 3) for the MPH group than for control group; blue: voxels with higher deactivation (t-value N 3) in the MPH group. The thick dashed black line reflects a linear fit; R is the Pearson correlation factor. The thin solid black line reflects a 1:1 proportion. The high degree of parallelism of the lines and the high Pearson correlation factor (R) of the linear fit demonstrate the reproducibility of the fMRI results across different groups of subjects. The black histograms are projections of the 2D scatter plot that reflect BOLD signal distribution for controls (top) and MPH (left) groups; the gray curve and the red and blue areas are the Gaussian components that fit (red curve) the histograms. The larger activation (red) and deactivation (blue) gaussian areas for MPH compared to control exemplifies the effect of MPH on hemodynamic responses in the brain during VA and WM tasks. 
BOLD-Performance correlation: neurocognitive effects of MPH
For the WM task, BOLD responses in left SPC (BA 7) and fusiform gyrus (BA 19) showed a negative correlation with RT in the control group ( Fig. 7 ; P corr b 0.038) but not in the MPH group (not shown); the higher the activation in these regions the shorter the RT. WM accuracy did not show significant correlation with BOLD responses in any brain region. For the VA task, accuracy and RT did not show significant correlation with BOLD responses in any brain region.
Discussion
Here we show that for two different cognitive tasks (WM and VA) MPH increased brain activation in DAN (IPC, SPC, and MFG) and increased deactivation in some DMN regions (insula and posterior cingulate) but decreased it in others (mPFC BA 6; Fig. 3 ). In addition MPH decreased activation in lingual gyrus and cerebellum. Brain activation increases in SPC and fusiform gyrus (BA 19) were associated with shorter RT during the WM task for the control but not for the MPH group (Fig. 7) . Overall, the MPH group had increased activation and deactivation in brain regions that were moderately activated in controls, suggesting that MPH enhanced BOLD responses simultaneously for the WM and VA tasks (Figs. 4 and 5) . However there were no differences in performance accuracy (WM and VA tasks) between the control and the MPH groups (Fig. 2) .
Effects of MPH on DAN activation
During the WM and VA tasks, the MPH group had higher activation than the control group in IPC, SPC and the posterior PFC, which are part of the DAN network implicated in attention. Indeed, the posterior PFC and parietal cortex have important attentional roles in cognition (Adler et al., 2001; Arrington et al., 2000; Buchel et al., 1998; de Fockert et al., 2001; Fassbender et al., 2004; Lawrence et al., 2003; Le et al., 1998; Leonards et al., 2000; Tomasi et al., 2007) which explains the activation in IPC, SPM, and MFG (Fig. 3D ) for different cognitive domains (verbal WM and the spatial VA) observed in this work and reported in previous studies (Tomasi et al., 2007 (Tomasi et al., , 2006 . During WM the control group had longer RT than the MPH group, consistent with previous behavioral studies on WM (Cooper et al., 2005) . The longer RT was correlated with decreased activation in SPC and fusiform gyrus in the control group, which implicates these regions in speed of reaction to a working memory task.
Our interpretation that MPH-related activation increases in DAN could reflect enhancement of unique cognitive processes that engage during the WM and VA tasks (sustained attention, spatial orienting, and WM) is partially supported by the shorter RT of the MPH group compared to the control group during the WM task. Furthermore, the BOLD signal in the ACC (BA32) exhibited an inverted U-shape as a function for cognitive load increases, the signature of limitations in cognitive capacity, for the control group in both domains (WM and VA) but not for the MPH group, and this group difference was statistically significant. This also suggests that MPH could enhance cognition in healthy controls under conditions of saturated cognitive capacity (i.e. fatigue, difficulty). However, in this study the MPH group had shorter RT only during the WM task and we did not observe differences in accuracy for any of the tasks between control and MPH groups. This could explain why in this group of healthy controls tested under resting conditions, and for low-demanding cognitive tasks, MPH can improve RT but did not improve accuracy.
Effects of MPH on DMN deactivation
Brain deactivation in PCG (BA 23/31), the main functional connectivity hub in the brain (Tomasi and Volkow, 2010) , was higher for the MPH group than for the control group, which could facilitate task focusing by filtering irrelevant stimuli. We interpret this as reflecting MPH dopaminergic enhancing effects through its blockade of dopamine transporters. Indeed, we recently showed an inverse correlation between DA transporter levels in the brain and brain deactivation in the posterior DMN during the VA task (Tomasi et al., 2009a) ; such that lower DA transporter levels (interpreted to predict stronger DA signaling secondary to lower uptake by transporters) were associated with greater deactivation in BA 7. This is also consistent with our findings that MPH reduced the metabolic demand of the brain during numerical calculations, in part by enhancing DMN deactivation (Volkow et al., 2008a) . The MPH group also had higher deactivation in left posterior INS than the control group. Our results are also consistent with recent fMRI studies on decisionmaking, showing increased PCG deactivation after oral (40 mg) MPH (Schlösser et al., 2009) , and those on reorienting tasks showing decreased INS activity in ADHD children after 1 year of MPH treatment (Konrad et al., 2007) . Note that brain deactivation may reflect changes in the vascular system in response to changes in cerebral blood flow in adjacent regions ("blood stealing") or active suppression of neural activity to minimize potentially distracting task-irrelevant neural processes (Tomasi et al., 2006) . MPH increases extracelular DA and NE (Berridge et al., 2006) , which is a neuromodulator that changes the efficacy of other transmitter signals as a function of ongoing neuronal activity (Kiyatkin and Rebec, 1996) . For example DA release decreases the amplitude of spontaneous neuronal activity (up to 90%) in a large fraction (up to 75%) of spontaneously active neostriatal and accumbal neurons and enhances glutamate responses (Kiyatkin and Rebec, 1996) , which enhances activation of glutamate-stimulated neurons. Therefore, facilitation of glutamatergic signaling linked with the task and suppression of spontaneous background activity during enhanced dopaminergic and noradrenergic stimulation with MPH could explain the enhanced activation of the DAN and the enhanced deactivation of the DMN in the MPH group compared to the control group. Taken together these findings support the notion that MPH facilitates activation of task relevant circuits (including the DAN) and facilitates the deactivation of the DMN, presumably through enhanced DA neurotransmission (perhaps also noradrenergic). This may be one of the mechanisms that contribute to MPH's cognition enhancing effects.
Effects of MPH on LG and CER activation
The MPH group had lower activation in the lingual gyrus and cerebellar tonsil than the control group, which could also reflect the dopaminergic enhancing effects of MPH; our findings showing a linear association between striatal DA increases induced during sleep deprivation and decreases in activation (reductions in glucose metabolism) in lingual gyrus and cerebellum (Volkow et al., 2009 ) support this interpretation. However, this effect is likely to be indirect because neither the cerebellum nor the lingual gyrus receives major DA projections.
Cognitive enhancement
The use of stimulants for cognitive enhancement by normal healthy individuals has increased significantly over the past decade (Maher, 2008; McCabe et al., 2005) . Amphetamine and MPH are the most commonly used stimulants and several studies have shown that stimulants can enhance executive function (including impulsivity control and problem solving) in normal healthy individuals under certain conditions (i.e boring repetitive tasks, during sleep deprivation, during fatigue) (Chamberlain et al., 2006; de Wit et al., 2002; Elliott et al., 1997; Farah et al., 2004) . These effects are ascribed to stimulant-induced increases in alertness and attention (de Wit et al., 2002) . Though others have failed to show improvement in healthy controls, which may reflect the dependency of MPH's cognitive enhancing effects on the characteristics of the task and on subject's baseline performance (Mattay et al., 2000) . During the WM task the MPH group showed shorter RT than controls but no group differences in accuracy were significant. This indicates that the significant brain activation/deactivation differences were not associated with improved performance (except for shorter RT during WM). Indeed the activation/deactivation responses for neither task were associated with accuracy. This may reflect the fact that during resting conditions the brain can activate reserve neuronal systems in order to maintain accuracy. This capacity may be impaired during fatigue or sleep deprivation, which could then help explain why MPH is particularly beneficial to cognitive performance during those states.
Study limitations
The subjects from the control group participated in a previous study without MPH or placebo. Thus we could not control for the placebo effect. However, the present design minimizes the potential confound of practice on the VA and WM tasks, which has been shown to reduce brain activation in PFC and cerebellum during WM and VA tasks (Garavan et al., 2000; Tomasi et al., 2004) , regions where brain activation was significantly affected by MPH. Most subjects had near 100% performance accuracy, especially for low load conditions (0-and 1-back and 2-and 3-ball tracking), which likely limited the sensitivity to MPH-related differences in accuracy.
Summary
We studied the effect of 20 mg oral MPH on brain activation for two different cognitive domains, WM and VA. For both tasks and compared to the control group, the MPH group had higher activation in DAN, higher deactivation in some regions of the DMN (insula and posterior cingulate cortex) but decreased deactivation in others (cingulate gyrus BA 24) and in lingual gyrus. These findings suggest that MPH modulates cognition through its effects on DAN and DMN.
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